We present first self-consistent modelling of x-ray photoelectron spectroscopy (XPS) Ti 2p, N 1s, O 1s, and C 1s core level spectra with a cross-peak quantitative agreement for a series of TiN thin films grown by dc magnetron sputtering and oxidized to different extent by varying the venting temperature Tv of the vacuum chamber before removing the deposited samples. Soobtained film series constitute a model case for XPS application studies, where certain degree of atmosphere exposure during sample transfer to the XPS instrument is unavoidable. The challenge is to extract information about surface chemistry without invoking destructive precleaning with noble gas ions. All TiN surfaces are thus analyzed in the as-received state by XPS using monochromatic Al Kα radiation (hν = 1486.6 eV). Details of line shapes and relative peak areas obtained from deconvolution of the reference Ti 2p and N 1s spectra representative of a native TiN surface serve as an input to model complex core level signals from air-exposed surfaces, where contributions from oxides and oxynitrides make the task very challenging considering the influence of the whole deposition process at hand. The essential part of the presented approach is that the deconvolution process is not only guided by the comparison to the reference binding energy values that often show large spread, but in order to increase reliability of the extracted chemical information the requirement for both qualitative and quantitative self-consistency between component peaks belonging to the same chemical species is imposed across all core-level spectra (including often neglected O 1s and C 1s signals). The relative ratios between contributions from different chemical species vary as a function of Tv presenting a self-consistency check for our model. We propose that the cross-2 peak self-consistency should be a prerequisite for reliable XPS peak modelling as it enhances credibility of obtained chemical information, while relying entirely on reference binding energy values introduces large ambiguity.
Introduction
X-ray photoelectron spectroscopy (XPS) is commonly employed to study surface chemistry and composition of various compounds in bulk or thin film form. A model example is TiN with related ternary thin film alloys grown by magnetron sputter deposition, that attract tremendous scientific and technological interest due to their unique combination of properties including high electrical conductivity, 1,2 good high-temperature oxidation resistance, 3, 4 high hardness, 5, 6 and tunable optical absorption, all of which make them very attractive for applications as wear-resistant coatings on cutting tools 7, 8 and engine components, 9,10 as well as diffusion barriers in electronic devices. 11, 12 Large attention has thus been and continues to be devoted to the spectroscopic studies of both in-situ and ex-situ grown TiNx films with x varying from 0 to 1 and the nature of Ti 2p satellite peaks that result from nitridation. 13, 14, 15, 16, 17, 18, 19, 20 The TiN surface oxidation studies performed under wellcontrolled conditions also earned attention due to direct consequences for applications. 21, 22, 23 In these reports, almost exclusively, Ti 2p and N 1s core-level spectra are in focus. Due to high complexity involved particularly in the case of Ti 2p spectra, which in addition to main peaks shows also satellite loss features, 13 there is no consensus as to how the unambiguous spectra deconvolution should be performed. Typically, after background subtraction, spectra is fitted with a number of component peaks to obtain satisfactory fit and peak assignment is based entirely on the apparent binding energy (BE) values by comparison to the existing literature.
The chemical information extracted in such way suffers, however, from two essential problems.
First, the reported reference BE values for given chemical state exhibit large spread, often on the same order as the BE difference between two different chemical states. For example, NIST data base 24 contains 91 entries for TiO2 with the Ti 2p3/2 BE varying from 458.0 to 459.60 eV and O 1s from 529.4 to 531.2 eV, which clearly prevents unambiguous assignment of observed spectral features. This situation is illustrated in Figure 1 for the case of Ti 2p3/2 core-level and the chemical states relevant to this work. 24, 25, 26, 27 The overlap between BE range assigned to different chemical species is evident, which often results in an arbitrary spectra interpretation and contradicting results.
Second problem with the commonly applied deconvolution approach is that such procedure neglects prerequisites of qualitative, and even more so quantitative, self-consistency across all core level signals. That is, the presence of component A1 in the deconvoluted spectrum of element A assigned to AmBn formation requires that the corresponding B1 component peak is present in the core-level signal of element B (qualitative self-consistency). Moreover, the elemental concentrations extracted from A1 and B1 peak areas should reflect the compound stoichiometry m/n (quantitative self-consistency). To our best knowledge, such self-consistent peak models of TiN XPS spectra have not been presented before.
In addition, vast majority of available XPS literature devoted to TiN oxidation studies neglects presentation and discussion of O 1s and C 1s spectra, which, in our opinion, constitutes an inherent part of the consistent peak model. Unintentional oxygen and carbon contamination in the analyzed surface region is difficult to avoid, not only during sample transfer to the XPS instrument, but also during the film growth with commercial purity targets and gases under high vacuum conditions. High TiN reactivity towards oxygen accounts for surface oxidation detected by XPS even in the films grown in situ in the ultra-high-vacuum (UHV) environment. 28 The situation is not entirely resolved by often used noble-gas ion etching performed prior to XPS analyses, which leads to atomic mixing, forward sputtering, and recoil implantation of surface impurities into deeper layers, apart from the fact that the whole process affects structure and composition in the surface region to depths comparable to XPS probing length.
To address issues outlined above, we present a complete self-consistent XPS core-level peak model for a set of polycrystalline TiN films grown by magnetron sputtering and oxidized to various extent by varying the temperature during following air exposure (venting temperature, Tv). All core level spectra exhibit pronounced changes as a function of Tv, which makes them ideal candidates for testing the self-consistency of our peak models. Spectra deconvolution is performed in the step-by-step manner starting with the simplest case of a reference native TiN surface, which then serves as an input to more complex peak models of air-exposed TiN films with oxides and oxynitrides contributions. 
Experimental

Film growth
Polycrystalline TiN films are grown by reactive dc magnetron sputtering (DCMS) in a CC800/9 CemeCon AG system using rectangular 8.8×50 cm 2 target and Ar:N2 (4:1) gas mixture. Si(001) substrates previously cleaned in aceton and isopropanol are biased at -60 V and mounted 6 cm away from the target surface. The system base pressure pb is 2.3×10 -6 Torr (0.3 mPa) while the total pressure during deposition is 3 mTorr (0. 
Results and Discussion
Binding energy reference
We record for each sample the highest kinetic energy portion of the valence band spectra around Fermi energy, and define the BE scale reference by setting the Fermi level cutoff energy as "0". This is done in order to avoid uncertainty resulting from the fact that C 1s
BE depends on the type of surface oxides formed during venting procedure 29 rather than following a common approach of referencing to C 1s line. Such procedure results in Ti 2p3/2 peak from native TiN surface at 455.03 eV, which falls well within the BE range of previously reported values (see Fig. 1 ). The BE of C 1s peak corresponding to C-C/C-H component of the adventitious carbon varies however, from 284.04 eV with the Tv = 330 °C sample to 284.68 eV in the case of Tv = 430 °C TiN film, see Table 1 .
Peak model construction
In order to deconvolute very complex core-level spectra obtained from air-exposed TiN surfaces, primarily Ti 2p, we apply a step-by-step procedure starting with the simplest case of the native TiN (Al-capped) sample, where only two Ti 2p3/2 components are present (main TiN peak and the satellite, TiN-sat, see Fig. 2 (a)). Line shapes, 2p3/2-2p1/2 BE splitting, and the 2p3/2/2p1/2 area ratio obtained for pairs of TiN and TiN-sat peaks are then constrained in modelling of more complex spectra with up to four contributions. In addition, the BE difference between TiN and TiN-sat peaks and the relative TiN/TiN-sat peak areas are also fixed at values determined from Al/TiN sample. These constraints in peak modeling are necessary to inforce mathematical least squares solutions that are physically meaningful. The fitting parameters include Ti 2p3/2 peak area, full-width-at-half-maximum (FWHM), and peak position. For all peak models, Shirley background 33 subtraction is used while line shapes include Voigt functions (denoted as "GL" in Table 1 ). For correct representation of TiN component in the Ti 2p spectra, asymmetrical line shapes are employed in the form of Voigt functions with tail modifiers. 34 An additional global constraint to the model is the fact that the particular line shape representing given chemical state is the same for all samples.
In the spirit of following the Ockham's rule, the number of new component peaks is kept to the minimum yielding satisfactory fit. Also, in each case, every component peak has a well-defined physical interpretation.
Essential to the modelling of XPS core level spectra presented here is that not only qualitative, but also quantitative cross-peak self-consistency is achieved. That is, the presence of component A1 in the deconvoluted spectrum of element A assigned to AmBn formation requires that the corresponding B1 component peak is present in the core-level signal of element B (qualitative self-consistency). The elemental concentrations extracted from A1 and B1 peak areas should also reflect the compound stoichiometry m/n (quantitative selfconsistency).
Native TiN
Vast majority of XPS analyses on TM nitride films is performed following the in situ sputter cleaning in order to remove surface contaminations and native oxide layers. Inert gas ions (typically Ar + ) with the energy of a few keV used for this purpose lead, however, to changes in the near-surface sample region due to preferential sputtering of lighter atoms, forward recoil implantation, surface roughening, etc, all of which make quantitative, as well as, qualitative chemical analyses extremely challenging. This is a particular problem for metal/gas compounds and alloys such as nitrides and oxides, where the mass difference between film constituents is large (e.g., for TiN = 3.42 × ).
The thickness of the surface layer modified by Ar + ion bombardment is a function of ion energy + and the ion incidence angle ψ, and corresponds to the average Ti and N primary recoil projected range ξ , which can be estimated from Monte-Carlo based TRIM (Transport of Ions in Matter) 35 In order to circumvent these obstacles we recently showed that Al capping layers with thickness lower than 2 nm can be successfully used to prevent oxidation of magnetronsputtered polycrystalline TiN film surfaces during air exposure prior to insertion into the UHV XPS system. 30 This allowed for non-destructive acquisition of high-resolution core-level spectra representative of clean samples, essentially identical to those obtained from single- The Ti 2p spin-orbit split 2p3/2 and 2p1/2 components appear at 455.03 and 460.97 eV, respectively. In addition, the satellite features (TiN-sat) are also present shifted by 3.0 eV towards higher BE with respect to the primary peaks. This is in agreement with previous XPS analyses of polycrystalline TiN layers grown in-situ in an XPS system. 15, 16 The origin of this feature is widely discussed in the literature and several interpretations have been proposed including t1g→2t2g intra-band transitions (shake-up events), 14, 17 decrease in the screening probability of the core-hole created during photoionization by Ti 3d electrons, 13, 15, 19, 20 and structural effects, 18 and the presence of grain boundaries between TiN and TiO2 in oxidized TiN. 23 Satisfactory fit of the Ti 2p spectrum from native TiN surface requires asymmetric functions for the main components (see Fig. 2(a) ), which can be explained by energy loses due to simultaneous excitations of valence electrons, as the density of states near and at the Fermi level is high. TiN-sat peaks are well-represented by Voigt functions with 95% Lorentzian ingredient. The corresponding N 1s spectrum, shown in Fig. 3(a) , is dominated by main peak centered at 397.34 eV and assigned to TiN. The low-intensity feature (∼2% of the total N 1s peak area) to the high BE side of the main peak, at 399.35 eV, is assigned to the satellite.
As emphasized above, the main ambition of the present study is to achieve a self-consistent model that not only satisfies qualitative agreement between component peaks (not the least TiN contributions present in both Ti 2p, and N 1s spectra), but also fulfills the quantitative requirement (e.g., the area ratio between TiN component in Ti 2p and N 1s spectra is 1:1 for a stoichiometric sample). 
Air-exposed TiN films
Input from native TiN Ti 2p and N 1s spectra deconvolution presented above is used to create peak models for a more complex case of a series of air-exposed TiN films. By varying the venting temperature after film growth TiN films are exposed to atmosphere at temperatures ranging from 29 to 430 °C, which results in a gradual change in the surface composition as evident from a series of Ti 2p and N 1s spectra shown in Figs. 
2(b)-(d) and 3(b)-(d). For
completeness, peak models for corresponding O 1s (Fig. 4) and C 1s (Fig. 5 ) spectra are also included. The air exposure time is less than 10 min, necessary to transfer the sample from the growth chamber into the XPS instrument, which is the situation commonly accounted in the everyday XPS practice as in situ XPS capability is rare. Hence, there is a great need for ways to extract chemical information in a non-destructive way, i.e., without involving noble gas ion etch.
Changes in the overall appearance of Ti 2p and N 1s spectra with respect to that of native Contrary to common practice, the assignment of new spectral contributions is not based solely on the reference BE values, which differ greatly, as indicated in Fig. 1, preventing unambiguous and deterministic assignment of observed spectral features. We instead also seek to establish quantitative self-consistency between Ti 2p, N 1s, O 1s, and C 1s core-level spectra.
Thus, for start, the peaks considered should be in the BE range corresponding to given chemical species.
The comparison of Ti 2p and N 1s spectra of air-exposed TiN films to that of native TiN surface clearly indicates that new chemical species are present at the surface. Ti 2p spectra gives a direct evidence for two new compounds. First, an additional spin-split doublet with the Ti 2p3/2 peak at the binding energy varying from 458.18 eV with Tv = 29 °C to 458.60 with Tv = 430 °C is assigned to the TiO2 formation. This particular assignment is only partly based on the reference BE values, which cover the range from 458.0 to 459.6 eV (see Fig. 1 ), i.e., much wider than the presently measured BE spread. An additional, and stronger evidence for the TiO2 formation comes from the fact that the corresponding peak is present in the O 1s spectra (Fig. 4(a)-(c) ) at 529.9±0.1 eV. BE of this peak agrees well with the earlier reports, see Ref.38 and references therein. More importantly, however, as indicated in Table 1 BE range, include TiOxNy and Ti2O3. However, the observed Ti 2p -N 1s cross-peak correlation strongly indicates that, in addition to oxygen, the new compound contains both Ti and N, which excludes the Ti2O3 formation. The low BE component in the N 1s spectra of airexposed or air-annealed TiN films has been observed previously 18, 21, 22 and assigned to oxynitride formation, which leads to an increased ionic character of the Ti-N bond (hence lower BE). Due to lower oxidation state, the TiOxNy component in the corresponding O 1s spectra appears on the higher BE side of the TiO2 peak (overlapping with carbooxide peaks, as discussed below). It is also worth to note that, contrary to their TiO2 counterparts, the TiOxNy Ti 2p peaks do not exhibit shift towards higher BE with increasing Tv. This is due to the deeper location of these species, under the surface TiO2 layer, which makes them insensitive to the surface charging. There are two C 1s peaks common for all spectra, shifted by 1.6 and 4.6 eV to the higher BE side of the main C-C/C-H peak. The magnitude of the chemical shifts strongly indicates that the first peak is due to the C-O bond, while the second one is assigned to O=C-O. 41, 42 Thus, in addition to TiO2 and TiOxNy, O 1s spectra is also expected to contain contributions from CO and CO2 species. Since little is known about the relative BE of these peaks, we chose to represent them in our model with one broader component (accounting also for TiOxNy) present in all spectra at the BE of ~531 eV. There are also a few contributions in the C 1s spectra that are of a minor importance for the application of the proposed model, nevertheless require a comment. First, the lowest BE component, here at 281.95 to 282.09 eV, is due to TiC species formed during film growth.
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The very low intensity of this contribution, 0.2-0.6 at%, justifies the fact that the corresponding component is omitted in the Ti 2p spectra, where it would have accounted for less than 2% of the total Ti 2p area. It is worth to note that the BE of Ti-C component is not affected by charging, since these species are located below the surface oxide layer.
The C 1s spectrum from the Tv = 29 °C film cannot be fitted without an additional peak at 284.87 eV, which here is assigned to the contamination due to prolonged exposure to residual gases in high vacuum chamber necessary for the system to reach nearly-RT Tv. Within the group of minor contributions with no impact on the presented case is also the highest BE O 1s peak at 532.83-532.89 eV, best visible in the Tv = 29 °C spectrum, and assigned to H2O. 
Conclusions
We present a first self-consistent peak model developed to analyze XPS spectra of compound-forming materials, as demonstrated here for a set of TiN thin films grown by dc magnetron sputtering and oxidized to a different extent by varying the venting temperature Tv after growth. Presented results constitute a model case for typical XPS application studies, wherein certain degree of atmosphere exposure during sample transfer to the XPS instrument is unavoidable and the challenge is to extract information about surface chemistry without imparting destructive ion etch prior to analyses. To enhance reliability of the Ti 2p, N 1s, O 1s, and C 1s XPS spectra deconvolution the whole process of model construction is not only guided by the comparison to the reference binding energy values that exhibit large spread making the peak assignment ambiguous, but also an additional constraint is imposed across all core-level spectra that requires both qualitative and quantitative self-consistency between component peaks belonging to the same chemical species. For example, the presence of TiO2 species on air-exposed TiN surface implies not only that Ti 2p and O 1s spectra contain TiO2 peaks at BE that falls within the previously reported range, but more importantly that the peak area ratio between TiO2 contributions in the Ti 2p and O 1s spectra is in good agreement with the compound stoichiometry. We advocate that such cross-peak self-consistency should be a prerequisite for reliable XPS peak modelling as it is both deterministic and provides enhanced credibility of obtained chemical information, instead of relying only on reference binding energy values with corresponding large ambiguity for a given material.
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Table caption
Line shapes, binding energies, and atomic concentrations (in parentheses) derived from peak models presented in Figures 2-5 . 
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